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Introduction

During the recently passed industrial phase of global civilization, energy production was
mainly based on combustion. Sooner or later, this type of energy production will be replaced
by alternative technologies, but until then, we must get through a transition period in the near

future, during which the world has to focus on global CO, management.

According to the BP Statistical Review of World Energy 2019!, the increase in the world’s
population is reflected in an increasing demand of energy within the economic sectors.
Consequently, the annual consumption of primary energy is constantly increasing, thus causing
an increased carbon dioxide emission in the atmosphere, which is one of the main contributors

to global warming.

The proposed solutions are mainly Carbon Capture and Storage (CCS) methods?, which do not
definitively solve to this issue by eradicating the excess of CO, from the atmosphere’. Research
in the energy sector led to what is called an “Energetic Transition”, which is the progressive
replacement of fossil fuels (oil, natural gas, coal) by renewable energies (solar energy, wind
energy, water energy, biomass). However, turning to renewable energies will require another
problem to be solved, which is to find an effective energy storage method. We believe that CO»
valorization, by chemically converting this molecule to other added-value molecules* such as
methanol®, is the one of the best ways to eliminate it, and this is called Carbon Capture and
Usage (CCU)®. The CO, would be captured and hydrogenated’, and its product will be used in
other useful processes, or even in combustion. The hydrogen can be generated by water

electrolysis using renewable energies®.

Methanol is one of the most attractive added-value products of CO; reduction due to its high
energy density, and it is an excellent precursor for the chemical industry®. In recent decades,
CO2 hydrogenation to methanol has been a widespread subject of interest, and large variety of
solid catalysts have been designed and tested'®. Nevertheless, the reduction mechanism is still

a debated subject and new processes are continually being proposed'!.



Goal

The chemical hydrogenation of CO; to methanol by using renewable energies can be the key
to solve the problem of renewable energy storage as well as to reduce CO» emissions.
However, carbon dioxide hydrogenation is a mechanistically complicated multi-step process.
Therefore, it is indispensable to understand the mechanism. Computational chemistry tools

can be used further to understand this process.

This thesis is an assembly of three major computational chemistry studies:

e A gas phase study: where all the molecular complexes that might be formed from the
(CO2+4H>) reaction mixture are investigated and the most stable ones will be selected
to be part of a newly designed network for the uncatalyzed carbon dioxide
hydrogenation to methanol and methane. The energetics of the elementary steps
constituting the network will be studied, and the efficiency of the most favourable

pathway will be calculated.

e An aqueous phase study: knowing that carbon dioxide can be absorbed by water as it
happens in the oceans, an uncatalyzed water enhanced hydrogenation mechanism for
CO2 conversion to methanol will be designed and thermodynamically studied. The
efficiency of the preferred pathway will be calculated and compared to the gas phase

results.

e Anaqueous phase catalyzed-like study: the major role of a solid catalyst in the methanol
synthesis is the conversion of hydrogen molecules to hydrogen atoms (bond
dissociation). To mimic this property of the catalysts, a catalyzed-like mechanism will
be constructed involving hydrogen atoms instead of hydrogen molecules and studied
energetically. Thereafter the efficiency will be calculated taking into account the

hydrogen bond dissociation energy.

These studies aim to provide a better understanding of this difficult process, and to identify and
propose mechanisms to reduce the barrier height of the rate-limiting steps under different
chemical conditions that can be directly applied to industrial settings. The findings can be
applied in the near future to the design and development of new special-purpose catalysts for
the ‘elimination’ of CO2 and to reduce its detrimental effects on our global ecosystem.



Computational methods

For the identification of the most favourable mechanism with its elementary reaction steps in
gas phase, combinatorial chemistry'? software (MOLGEN 5.0'® in combination with ab initio
calculations have been used. All possible molecular complexes that can form from the reactants
mixture (CO2+4Hz) were generated and optimized applying the B3LYP density functional
theory (DFT) method'*! in combination with the 6-31G(d) basis set'®. The most stable
structures were selected to construct a network for the hydrogenation of CO> to methanol and
methane. The designed network was studied thermodynamically using the W1BD protocol!”.

The hydrogenation of CO> to methanol was also studied in aqueous phase. Two molecular
networks were designed. The first was a water enhanced mechanism involving a water
molecule in the reaction steps, and the second one was designed to mimic the role of a

heterogeneous catalyst by involving a hydrogen atom instead of a hydrogen molecule.

Both mechanisms were investigated energetically using computational chemistry methods. The
B3LYP density functional theory (DFT) method'*!® in combination with the 6-31G(d) basis
set'® was used as a first approach for the localization of the minimas and transition state
energies, and then the unrestricted version of the (Weizmann-1) protocol was used to obtain
more accurate results (W1U)!8, Internal Reaction Coordinates (IRC)!' calculations have been
used to verify if the transition states are located between the corresponding minima. To
compute the reactions in the aqueous phase, the solvent effect on the reaction was taken in
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account by using the SCRF implicit solvation model~”. All calculations were carried out using

the Gaussian 09 program package?'.

To estimate the accuracy of the computational method, the heat of formation of 10 optimized
structures have been calculated using the W1 composite method and have been compared to
highly accurate experimental values from the literature. The average deviation observed from

the experimental results was 0.985 kJ/mol.



New scientific results

15t Thesis

Several uncatalyzed reaction routes of CO> to methanol conversion have been designed and
studied in gas phase where 9 intermediate molecular complexes were involved. The

thermochemical properties have been computed and the overall potential energy surfaces (PES)

have been drawn.
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Figure 1: Preferred mechanism pathway of the uncatalyzed CO; conversion to methanol and
methane in gas phase and its corresponding potential energy surface.

Among the several possible pathways, the most favourable ones have been selected and
discussed (Figure 1, left). The corresponding PES is shown in (Figure 1, right). We have
shown that the uncatalyzed gas phase CO2 hydrogenation is thermodynamically unavailable
considering its rate determining step AG ,)= 400.66 kJ/mol.

2"d Thesis

In the newly designed uncatalyzed aqueous phase CO. reduction mechanism (Figure 2). The
energy barriers are significantly lower than in the gas phase (about 100 kJ/mol lower). The
most favorable route has been found within the aqueous phase catalyzed-like hydrogenation

mechanism (Figure 2).
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Figure 2: Preferred mechanism pathway of the water enhanced mechanism of CO>
conversion to methanol and its corresponding potential energy surface.

There is only one barrier above 300 kJ/mol in the uncatalyzed version of the aqueous phase

mechanism (AG squeous)= 35552 ki/mol).

3rd Thesis

Further improvement and a significant decrease of the energy barriers was observed in the

catalyzed-like mechanism (Figure 3), where the highest barrier is only equal to

AG 1.y = 212.67 ki/mol.
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Figure 3: Preferred mechanism pathway of the catalzyed-like water enhanced mechanism of
COz conversion to methanol and its corresponding potential energy surface.
Based on the energetics of the studied mechanisms and the calculated efficiencies, it can be

concluded that the atomic hydrogenation mechanism is a key process for CO> reduction,



because of its relatively low energy barriers and high efficiency (9., = 92.5%). This

mechanism can be achieved by using appropriately selected/designed catalysts or

electrocatalytic systems.
4t Thesis

We have introduced the concept of energy storage efficiency. This allows us to compare the
most favourable pathways of the conversion of CO. to methanol in each case. The aqueous

phase processes have a better efficiency over the gas phase mechanism. The efficiency is
almost doubled in the non-catalyzed case: §squeousy = 27-1%0 VS 1 gas) =14.4%. Mimicking
the catalytic process in aqueous phase leads to an enormous increase and it is 3.4 times more

efficient than the gas phase non-catalyzed process (1y., = 92.5 %).

5t Thesis

The W1 composite method has been selected for all calculations and its applicability to
describe the thermochemistry of the studied processes (and other similar reactions) has been
verified. The method has been tested and compared to experimental values. The average

deviation observed from the experimental results is equal to 1.61 kJ/mol = 0.39 kcal/mol.



Summary

The high capacity storage of the renewable electrical energy can be completed with the
Substitute Natural Gas (SNG) alternative. The SNG alternative is the chemical bounding of
hydrogen obtained from electrolysis using renewable electricity and the carbon dioxide which
can be obtained from several sources. This will for sure contribute to the reduction of the
emissions of it in the atmosphere. However, the conversion of CO2 to methanol is a rather
complicated multistep process. The reduction of carbon dioxide has several reaction steps and
intermediate products. Newly developed uncatalyzed and catalyzed-like mechanisms have
been envisaged and studied thermodynamically in gas phase and aqueous phase using
computational chemistry tools. The Gibbs free energy change of the preferred pathways of the

uncatalyzed and catalyzed-like mechanisms have been described (Figure 1, 2, and 3).

By comparing the uncatalyzed gas phase and aqueous phase processes the following

conclusions can be drawn:

¢ In both cases, the highest energy barriers are hydrogenations.

e The highest energy barriers in the preferred pathways of the two mechanisms are equal
t0 AG gas) = 400.66 ki/mol and AG (s queous) = 359.52 ki/mol.

e Considering the efficiencies of these mechanisms, the aqueous phase mechanism is
almost two times more efficient than the gas phase (Maqueousy = 27-1% Vs
N (Gas) =14.4%).

e We notice that in the gas phase mechanism (Figure 1) the reaction barriers are the
highest between the three PESs. In the preferred pathway of the aqueous phase
mechanism (Figure 2) the energy barriers are already lower.

e The efficiencies can be increased by decreasing the energy barriers (hydrogenations).
This can be achieved by involving hydrogen atoms instead of hydrogen molecules,
which can be realized by using a catalyst or an electrocatalytic systems.

e Since the uncatalyzed aqueous phase mechanism has a better efficiency it was used as
a starting point. Hydrogen molecules have been replaced by hydrogen atoms and a
catalyzed-like mechanism have been designed (Figure 3).

o After analyzing the catalyzed-like mechanism, further improvement and a significant
decrease of the energy barriers was observed in the overall process and the

corresponding energy barriers are significantly lowered. In the preferred pathway, the



highest barrier is only equal to AGy, = 212.67 ki/mol which compared to the

uncatalyzed mechanism, is almost twice smaller. Thus, a considerable increase has
been achieved in the efficiency. The catalyzed-like mechanism is 3.4 times more

efficient than the gas phase non-catalyzed process (1., = 92.5%).
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